Vibrio vulnificus is a marine bacterial species which comprises two biotypes (48) . Biotype 1 is an opportunistic human pathogen, avirulent for eels, that has been isolated from clinical and environmental samples (37) . Biotype 2 is an eel pathogen (4, 5, 35, 48) whose importance as an opportunistic pathogen for humans has recently been recognized (1) . Although both biotypes are biochemically and serologically different, they share several properties related to virulence such as (i) capsule expression, (ii) degree of virulence dependent on iron availability, and (iii) production of proteases and exotoxins, particularly a cytotoxin with hemolytic activity (2, 3, 9, 13, 21, 25, 43, 44) . Both biotypes show phase variation between encapsulated and unencapsulated cells, which are easily distinguished from each other on agar plates since one develops opaque colonies and the other develops translucent colonies (9, 44) . It is of interest that the expression of capsular material is essential for human pathogenicity (3, 44) but not for the development of vibriosis in eels (9) .
Iron is an essential nutrient for bacterial growth which is abundant in vertebrates. One nonspecific host defense mechanism against microbial intruders is to limit the availability of iron in tissues (51) . Thus, iron in vertebrates is either located intracellularly (as ferritin or heme compounds) or strongly bound to transferrins and lactoferrins in body fluids. The ability of the bacteria to capture iron has been demonstrated as a critical factor for the competition between host and pathogen and, therefore, for the development of many infectious processes (12, 20, 51) . Pathogenic organisms have developed different strategies to obtain this metal from hosts: (i) via siderophores, low-molecular-mass iron chelators, which are synthesized and secreted in response to iron deprivation (14, 20) , and (ii) via alternative siderophore-independent mechanisms such as the utilization of heme compounds and direct binding of host iron-chelating glycoproteins (38) . V. vulnificus is not an exception, as it is capable of utilizing iron from different sources by independent mechanisms: (i) biotype 1 produces siderophores of the phenolate and hydroxamate types (42, 52) , it is able to obtain iron from transferrin (43) , and it uses as nutrients various heme compounds present in body tissues (21) ; (ii) biotype 2 produces hydroxamic siderophores able to compete for iron with transferrin (7) and is able to use hemin (Hm) and hemoglobin (Hb) to grow under iron-restricted conditions (3). Both biotypes lack receptors for human transferrin on their bacterial surfaces (7) . The ability to use heme compounds has been reported for other pathogenic species of the genus Vibrio, such as V. cholerae (45) , V. anguillarum (32) , and V. damsela (16) . Among them, V. damsela and V. anguillarum present surface receptors for Hb and Hm whose expression is not regulated by iron (16, 33) .
The vibriosis produced by V. vulnificus is hemolytic in nature, meaning that high levels of heme compounds are liberated by the bacterium when it grows in host fluids. Under these conditions, the expression of a mechanism for iron acquisition from heme compounds would represent an undoubted advantage for the pathogen. The main objective of the present work has been to study this mechanism in V. vulnificus biotype 2. Firstly, we have confirmed the adjuvant role of Hm and Hb on eel pathogenicity, and secondly, we have conducted two kinds of experiments: (i) Hm-and Hb-binding assays using whole cells and outer membrane extracts and (ii) Hb digestion assays using samples of extracellular products (ECPs). For comparative purposes, biotype 1 strains were also included in the assays.
MATERIALS AND METHODS
Bacterial strains and growth conditions. A total of seven biotype 2 strains were used in this study. Strains E22, E39, E58, E86, and E105 were recovered from diseased European eels as pure cultures of opaque colonies (5, 6) . On agar plates, the reference strains NCIMB 2137 and ATCC 33149, originally isolated from diseased Japanese eels, showed translucent and opaque morphologies, respectively. We have also included three biotype 1 isolates with opaque morphotypes: the reference strains ATCC 27562 T and CDC 7184, isolated from humans, and strain E109, recovered from the surface of an eel (6) . Escherichia coli HB101 was obtained from the Spanish Culture Collection. Strains were routinely cultured in tryptic soy agar and tryptic soy broth (Oxoid), both supplemented with 0.5% (wt/vol) NaCl (TSA1 and TSB1, respectively), at 25ЊC (eel isolates) or 37ЊC (clinical isolates) for 24 h. Microorganisms were maintained as stock cultures in marine broth (Difco) plus 20% (vol/vol) glycerol at Ϫ80ЊC. To minimize iron contamination, all glassware was washed with 6 N HCl and all saline solutions were deferrated by extraction with 3% 8-hydroxyquinoline in chloroform (40) . Iron-deficient media were obtained by addition of (i) ethylenediamine-di-(O-hydroxyphenyl-acetic acid) (EDDHA; Sigma) at 20 M (TSB1-E), representing the minimal inhibitory concentration for the majority of biotype 2 strains (9), or (ii) transferrin (iron-free human apotransferrin; Sigma) at 10 M (TSB1-Tf), a concentration at which all available iron is bound to the protein (9, 32) . These concentrations are strong enough to achieve iron-restricted conditions, since high levels of siderophores are produced and ironregulated outer membrane proteins (OMPs) are induced (7) . The enhancing effect of Hm and Hb on the growth of biotype 2 cells was corroborated by comparing growth curves in iron-restricted TSB1-E medium with and without adding Hm (0.5 M) or Hb (0.5 M) as previously described (3) .
Chemicals. Bovine Hb, bovine Hm, Sarkosyl (sodium lauryl sarkosynate), trypsin (bovine type VIII), phenylmethylsulfonyl fluoride, 3,3Ј-dimethoxybenzidine dihydrochloride (DMB) (also called o-dianisidine), and the sodium dodecyl sulfate (SDS) electrophoresis molecular weight kit were obtained from Sigma. Hb and Hm were prepared immediately before use: Hb was solubilized in deionized water, and Hm was dissolved in 10 mM NaOH (32) . These proteins were more than 95% pure as specified by the manufacturer. D-Biotin-N-hydroxysuccinimide ester and streptavidin-horseradish peroxidase conjugate were purchased from Boehringer. The chloronaphthol-hydrogen peroxide substrate mixture (horseradish peroxidase reagent) was obtained from Bio-Rad.
Virulence assays with heme-pretreated eels. We have previously reported the role of Hb as an adjuvant for eel pathogenicity (7) . In this work, the role of Hm as a potential adjuvant was evaluated by using Hb-pretreated eels as positive controls. Two hours before bacterial infection, eels were inoculated intraperitoneally with 0.8 g of Fe as Hb (7) or 0.28 g of Fe as Hm (47) per g of body weight. For each experiment, six elvers (average weight, 10 g) per bacterial dose received injections. Two groups of animals were used as controls: one group was inoculated with only the appropriate heme solution and the other group was inoculated with only bacteria. Mortalities were recorded daily for 7 days, and the degree of virulence, expressed as the 50% lethal dose (LD 50 ) of bacterial cells, was calculated according to the method of Reed and Muench (39) . Biotype 2 strain E58, responding positively to Hb pretreatment (7), was included as a positive control in the infectivity trials.
Membrane protein preparations. Crude total and outer membranes were prepared as previously described (8) Hb-binding assay. Hb-binding activity was evaluated by a solid-phase dot assay, following the Lee and Hill procedure (30) with some modifications (16, 33) . For the whole-cell assay, bacteria from stationary-phase cultures in TSB1-Fe and TSB1-E were harvested in Tris-buffered saline (TBS) (50 mM Tris-HCl (pH 7.4), 0.9% NaCl) and adjusted to 2 ϫ 10 9 CFU/ml by plate counting. A 20-l volume of the cell suspension was filtered onto nitrocellulose-cellulose acetate membranes (0.45-m-pore size Immobilon-NC paper; Millipore Corporation, Bedford, Mass.) in a dot blot manifold (Minifold I; Schleicher and Schuell). After air drying, nonspecific protein-binding sites were blocked for 1 h with TBS containing 2% (wt/vol) gelatin. The membranes were washed four times in distilled water and were incubated with biotinylated Hb (final concentration, 50 nM) for 2 h with gentle agitation at 4 or 30ЊC to test the influence of temperature on binding. Biotinylation was previously performed following the procedure described by Lee and Hill (30) . Blots were washed several times and incubated for 1 h with streptavidin-horseradish peroxidase conjugate at a concentration of 500 ng/ml. Binding of Hb was detected by color development with the horseradish peroxidase reagent. All these steps were conducted at 30ЊC. E. coli HB101 and V. anguillarum 775 were used as negative and positive controls, respectively, for Hb-binding activity. Control nitrocellulose membranes were incubated with either peroxidase conjugate or substrate alone. Identical dot blot assays were performed with total protein and OMP preparations. In this case, volumes of 2 l per sample, containing 1, 0.1, and 0.01 mg of protein per ml, were immobilized onto cellulose paper to be probed with biotinylated Hb as described above.
Hm-binding assay. The Hm-binding activity was tested by a similar dot blot assay (33) . Whole cells, crude total proteins and OMPs were immobilized onto nitrocellulose as described for the Hb assay. After being blocked, membranes were incubated for 6 to 12 h in TBS-10 M Hm, immersed for 30 min in 12.5% trichloroacetic acid, and washed in distilled water for 30 min. Binding of Hm, which could be visually detected, was confirmed by performing an Hm-specific stain with the benzidine derivative DMB (17), a colorless chromogen which turns reddish brown in areas of heme-associated peroxidase activity. A DMB solution was prepared immediately before staining: 20 mg of DMB was dissolved in 18 ml of distilled water, and after being stirred for 15 min, 2 ml of a 0.5 M sodium citrate buffer (pH 4.4) plus 40 l of 30% H 2 O 2 was added. After staining for 1 h, the paper was washed with water to clear any background. The ability to bind Hm was also evaluated with OMP samples. Volumes of 2 l per sample, containing 1, 0.1 and 0.01 mg of protein per ml, were immobilized on cellulose paper to be incubated with exogenous Hm, immersed in 12.5% trichloroacetic acid, washed in distilled water, and stained with DMB as described above.
Effect of proteolytic digestion. To confirm the protein nature of the binding component(s), aliquots of both whole-cell and outer membrane suspensions were subjected to proteolytic digestion by incubation at 37ЊC with trypsin (50 g/ml) for 30 min. The reaction was stopped by the addition of phenylmethylsulfonyl fluoride (200 g/ml in propan-2-ol), an inhibitor of serine proteases. The resulting digests were used in dot blot assays.
SDS-PAGE and Western blotting (immunoblotting)
. OMP preparations were fractioned by SDS-polyacrylamide gel electrophoresis (PAGE) according to the method of Laemmli (26) , with a separation gel of 12.5% acrylamide. OMP samples were denatured by mixing (vol/vol) with 2ϫ Laemmli electrophoresis sample buffer and boiling for 5 min. Approximately 30 g of protein per lane was loaded onto polyacrylamide gels. After electrophoresis, proteins were fixed and stained with Coomassie brilliant blue or transferred electrophoretically to nitrocellulose (Bio-Rad) (0.1 A at 4ЊC for 12 h) in Tris-glycine buffer (25 mM Tris, 192 mM glycine, 20% [vol/vol] methanol), as described by Towbin et al. (49) . For detection of Hb-binding and Hm-binding proteins, blots were subsequently probed with biotin-labelled Hb or were incubated with exogenous Hm and DMB stained, respectively (see above). This methodology had been previously used to visualize the transferrin-binding proteins of Haemophilus influenzae (34) .
Degradation of native Hb. The ability of V. vulnificus biotype 2 to degrade native Hb was evaluated. ECPs excreted in iron-enriched (TSA1) and ironlimited (TSA1 with 30 M transferrin or EDDHA added) media were obtained by the cellophane plate technique after 24 h of growth (2, 15) and were sterilized through 0.45-m-pore-size membranes (Millipore). Degradation of native Hb was assayed by mixing 100 l of supernatant with 10 l (20 g) of native Hb (54). The reaction was stopped at different intervals by adding 2ϫ sample buffer (26) and boiling for 15 min. Samples were analyzed by electrophoresis, and protein bands were visualized with Coomassie brilliant blue. Stained gels were scanned with a Laser Ultroscan 2202 Densitometer (LKB). Control ECPs were boiled for 10 min and tested. To assess the influence of temperature, assays at 25 and 37ЊC were performed simultaneously. 50 determinations, as well as the effect of treatment with Hb and Hm on these LD 50 s, are summarized in Table 1 . All biotype 2 strains were highly virulent for eels (LD 50 , ϳ10 1 to 10 3 CFU/ ml) with the exception of strains ATCC 33149 and E58, which displayed LD 50 s of around 10 5 CFU per fish. Consequently, the adjuvant effect of both Hb and Hm was especially noted in these latter strains: LD 50 s were reduced by more than 2 log units when either of these compounds was administered before bacterial infection. As it occurred in the case of Hb treatment (7), none of the biotype 1 strains turned out to be virulent for Hm-pretreated eels.
RESULTS

Iron availability and degree of virulence. Results of LD
Binding of Hb and Hm to whole cells. All strains were able to use both Hm and Hb as iron sources, which was revealed by the increase of more than 1 absorbance unit achieved after 24 h of incubation in TSB1-E supplemented with Hm or Hb. These data were consistent with the results of Amaro et al. (3) .
The association of biotinylated Hb and Hm with whole cells from iron-rich and iron-poor media was assessed by dot blot assay. Regardless of iron levels in the growth medium, cells of both biotypes showed Hb-and Hm-binding activity (Fig. 1) , as did positive controls of V. anguillarum. E. coli HB101, used as a negative control, showed no Hb-or Hm-binding activity (Fig.  1) . The presence of capsule did not seem to affect binding, since the translucent strain NCIMB 2137 yielded positive results (Fig. 1) . In the Hb assay, nonspecific attachment of either the probe or the streptavidin-horseradish peroxidase conjugate to the nitrocellulose membranes was not detected. Identical results were obtained in assays when binding was performed at 4 or 30ЊC. In the Hm assay, it was necessary to stain the membranes with the benzidine derivative DMB to achieve an adequate color intensity (Fig. 1b) . Staining was not observed in blots without prior exposure to Hm. Moreover, pretreatment of membranes with 12.5% trichloroacetic acid and water effectively eliminated all background. A relationship between color intensity and the number of immobilized cells was detected. The detection limits for both activities were of 10 4 to 10 5 cells, depending on the strain assayed. As illustrated in Fig.  1 , the levels of iron in the growth media did not affect the intensity of binding.
Localization of the Hb-and Hm-binding components. Sarkosyl-insoluble membrane fractions from cells grown under iron-sufficient and iron-deficient conditions retained the Hband Hm-binding capacity (Fig. 2) . Positive results were detected in outer membrane suspensions diluted to reach final protein concentrations of 0.2 g/ml or even 0.02 g/ml (Fig. 2) .
Trypsinization of whole cells did not prevent binding of Hb and Hm, even if the treated cells were unencapsulated (data not shown). However, incubation of OMPs, derived from either encapsulated or unencapsulated strains, with trypsin prior to dot blot assays caused a clear reduction in Hb-binding activity (Fig. 2a) and even completely abolished Hm-binding activity (Fig. 2b) .
Identification of Hb-and Hm-binding proteins. Similar binding protein patterns were observed in blots from OMPs of all biotype 2 strains, irrespective of iron levels in the growth media (Fig. 3a) . These proteins were identified in Coomassie blue-stained gels performed in parallel (Fig. 3b) . The binding profiles were constituted by two common bands with molecular masses of 36 and 32 kDa and a third one of 60 kDa that was less evident in all Hm assays.
Exoenzymes and utilization of Hb. As it was revealed by electropherograms, native Hb was completely degraded by ECPs obtained under all conditions. We did not observe any significant influence of incubation temperature (25 or 37ЊC) on this protease activity. The complete sequence of proteolysis produced by the ECPs of strain E86 is shown in Fig. 4 as an example of the general behavior demonstrated by biotype 2 cells. Several protein bands, corresponding to proteins excreted by the bacteria, were also visualized by Coomassie blue staining (Fig. 4) . The incubation time required for the complete cleavage of Hb was retarded (from 4 to more than 7 h) in the case of ECPs obtained from cells grown under iron-restricted conditions. The Hb-degrading activity was lost after the ECP samples were heated (Fig. 4, lane J) .
DISCUSSION
V. vulnificus biotype 2 expresses a siderophore-dependent iron-acquisition system that seems to be involved in sequestering iron from transferrin (7). Moreover, the pathogen is also able to use Hm and Hb as iron sources to grow in vitro and, probably, in vivo, as we have demonstrated with mice (3, 7) and Hb-pretreated eels (7) . Results from this study confirm the previous ones and corroborate the adjuvant role of Hm in eel pathogenicity. The increase in virulence in the presence of these iron sources (3, 21) supports the argument that the availability of heme-iron at the site of infection might be an important factor for the pathogenicity of this bacterium.
The ability to use Hm and/or hemoproteins has been attributed to a direct contact between the organism and the iron compound as the initial and indispensable event for the hemeiron uptake (10) . As it was expected, V. vulnificus biotype 2 cells bound these heme compounds although this activity was 0.2 (lanes B) , and 0.02 (lanes C) g of OMPs of strain E86 grown in TSB1 (rows 1) or TSB1-E (rows 2) were examined as described in Materials and Methods. The effect of proteolysis on binding was also examined by using OMPs from cells grown in TSB1 and TSB1-E (intersection of row 3 and lanes B and C, respectively, for both panels). Whole cells (10 7 CFU) were applied as a positive control (intersection of row 3 and lane A for both panels). (22) , V. parahaemolyticus (53) , and oral spirochetes (41) the Hb-or Hm-binding capacities are mediated via iron-regulated heme-binding proteins exposed to the environment. The binding to both heme compounds displayed by our pathogen was mediated via OMPs, although the residual Hbbinding activity detected after proteolytic digestion would indicate that lipopolysaccharides might also be involved, as occurred in P. gingivalis (11, 19) . The two common bands identified as putative binding proteins corresponded to the constitutive major OMPs typical for biotype 2 (7, 8) . These binding proteins must share a functional identity, since similar bands are visualized regardless of the ligand (Hm or Hb). This finding suggests that the heme prosthetic group of Hb is the one recognized by the Hb-binding protein(s). Recently, proteins of similar molecular mass in biotype 1 have been identified as porin-like proteins (24) . Similar results have been found with the fish pathogen V. anguillarum, which has Hm-and Hb-binding proteins with very similar molecular masses (33) . This bacterium produces a septicemic infection in fish resembling that caused by V. vulnificus biotype 2. Taken together, all these data point out that Hm-and Hb-iron acquisition by V. vulnificus biotype 2 is mediated via a common protein receptor located on the bacterial surface. However, we cannot discard the possibility that the outer membrane constituents described here represent only part of a multiple-receptor-binding system for heme uptake, as is the case for V. anguillarum (33) . It is noteworthy that this is the first time that the presence of heme-binding components with a protein-like nature in cells of V. vulnificus biotype 2 has been demonstrated. These conclusions could probably be generalized at the species level, since biotype 1 cells can also bind Hb and Hm independently of iron levels in growth medium.
V. vulnificus produces extracellular enzymes that cause hemolysis and proteolysis of host tissues and that constitute an important virulence factor in the pathogenesis of the bacterium (2, 3, 37) . Biotype 1 strains produce an exocellular protease that uses several hemoproteins, including Hb, as substrates liberating heme (36) . These exoenzymes could promote growth of the organism in vivo by releasing intracellularly stored iron. Thus, the hypothetical mechanism would involve the lysis of erythrocytes and the proteolytic digestion of released Hb with the subsequent liberation of heme-iron. This latter aspect has been clearly demonstrated in this work. Moreover, the fact that V. vulnificus biotype 2 is able to degrade Hb at different temperatures is consistent with the opportunistic character of this pathogen, which is able to cause infection in different poikilothermic and homeothermic hosts such as eels (2), mice (3), and humans (1, 50) . Since this bacterium can bind Hb and Hm and use them as sources of iron under different conditions, the heme-iron acquisition mechanism described here seems to be mediated by general receptors which could be efficient in different hosts. Thus, this mechanism probably plays an important role in contributing to the survival of the pathogen inside these hosts.
In conclusion, the present study has determined the constitutive character of the mechanism for Hm-and Hb-binding activities in V. vulnificus biotype 2 and has identified the surface-exposed protein(s) involved in this system. Studies to establish the precise contribution of these proteins to heme binding and iron acquisition from heme compounds are currently under way. 
